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Abstract 
 
The American alligator, Alligator mississippiensis, is widely distributed and 
abundant throughout the southeastern United States.  Despite their abundance, these 
reptiles have not been examined for their role in environmental pathogen distribution, as 
a sentinel for the presence of various pathogens, or other humoral immune responses in 
individuals from different habitats.  This study investigates the humoral immune 
responses of alligators to select bacterial pathogens.   Immunoglobulin Y (IgY), an 
immunoglobulin molecule found in amphibians, birds and reptiles, similar to IgG in 
higher vertebrates.  IgY was purified from pooled alligator serum collected in coastal 
South Carolina.  Mouse polyclonal antisera (pAb) was then generated against IgY to 
develop a sensitive ELISA to quantify serum antibody responses and relative titers.  
Serum samples from alligators collected from multiple localities in Florida were screened 
for bacteria-specific antibodies to the following nine aquatic bacteria: Vibrio cholera, 
Escherichia coli, V. anguillarum, V. vulnificus, V. parahaemolyticus, Brevundimonas 
vesicularis, Mycobacterium marinum, Erysipelothrix rhusiopathiae and Streptococcus 
agalactiae.  C-reactive protein (CRP) is an ancient acute phase protein, participating in 
complement activation and opsonisation of pathogens, and is usually indicative of 
relative levels of systemic inflammation.  Alligator CRP was purified and used to 
generate a specific monoclonal antibody to develop ELISA-based approaches to semi-
quantifying circulating CRP in individuals.  Finally, serum lysozyme enzymatic activity 
was also quantified in individual samples.  Humoral immune responses to various 
pathogens, along with CRP and lysozyme activity, may be correlated with environmental 
 iii
health.  This study provides the first baseline data and proof of concept, to compare 
responses of wild alligators to pathogens throughout their distribution.  This information 
will allow A. mississippiensis to be used as a sentinel of pathogen occurrence and 
environmental quality in future studies.  
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Chapter I: Literature Review 
Alligator mississippiensis: Species Background 
 The American alligator, Alligator mississippiensis, is the largest reptile and only 
alligator native to the United States. These carnivorous reptiles are found primarily 
throughout the Southeast U.S., from the Virginia-North Carolina border to South Florida 
and as far west as Texas (Figure 1) (United States Geographical Services).  Once 
considered an endangered species, A. mississippiensis has made a full recovery as a result 
of conservation efforts required by the Endangered Species Preservation Act (US Fish 
and Wildlife Service).  
 Alligators inhabit freshwater marshes, swamps, rivers, and lakes and can 
sometimes be found in brackish water. They play a large role in the ecosystem and are 
considered to be both keystone species and ecosystem engineers (Schechter and Street 
2000, Rice and Mazzotti 2004). As a keystone species and top predator, alligators affect 
most aquatic life in their environment (Beard 1938).  Using their snouts and tails, they 
create ‘alligator holes’ which are used for shelter and hibernation.  These burrows serve 
an important role, especially in the everglades, as they retain water during the dry season, 
providing refuge to other organisms (Craighead 1969).   
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Figure 1. Map of the southeastern U.S showing the geographic range of A. 
mississippiensis (United States Geographical Services, 2000).  
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Effects of temperature  
 As poikilothermic ectotherms, alligators’ body temperatures adjust with the 
environment and therefore must be regulated through behaviors.  Basking in the sun 
raises body temperature, while submerging underwater and allowing heat to be released 
through the mouth lowers body temperature (Smith 1975).  Physiological processes such 
as immune function, feeding behavior, reproduction, growth and development are all 
directly related to environmental temperature (Lance 2003, Lang and Andrews 1994).  As 
a result, there are seasonal changes in behavior that affect how resources are partitioned 
(Zimmerman, Vogel, and Bowden 2010).  
 When exposed to extreme temperatures, reptiles undergo a physiological stress 
response.  Studies have found that immunoglobulin production decreases in response to 
cold weather (Zapata, Varas, and Torroba 1992).  Water temperature has an effect on 
haematological values in other crocodilians, further demonstrating how temperature can 
play a role in immunosuppression (Turton et al. 1997).  Phagocytic activity of 
macrophages and the amount of histamine released by basophils can also be affected by 
temperature (Mondal and Rai 2001, Zimmerman, Vogel, and Bowden 2010). 
 Alligators are active year-round, but most active during the warmer months.  The 
mating season begins in May and ends mid-July when females lay their eggs.  They lay 
one clutch of 20-60 eggs every one to two years (Brandt 1989).  Alligators demonstrate 
temperature dependent sex determination; the sex is determined by the incubation 
temperature of the nest. There is variation in the temperature depending on where the nest 
is built, as well as the position of the egg in the nest (Ferguson and Joanen 1982).  
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Temperatures of 32.2 oC – 33.9 oC produce mostly male alligators, while 27.8 oC - 30 oC 
results in mostly females (Schechter & Street, 2000).    
 
Threats to the American alligator 
 Although A. mississippiensis is no longer endangered, the Fish and Wildlife 
Service classifies this species as ‘threatened’ because it resembles the endangered 
American crocodile (US Fish and Wildlife Service, 2008).  The biggest threat is habitat 
loss from the development and drainage of wetland (National Wildlife Federation).  
Global climate change may affect population dynamics because of the American 
alligators’ reliance on temperature for sex determination; as temperature increases, the 
male to female sex ratio may be skewed (Valenzuela et al. 2019). 
 Anthropogenic activities resulting in contamination of aquatic habitats pose 
another serious threat to aquatic life.  Reptiles commonly inhabit contaminated areas, and 
because alligators have long lifespans, there is an increased likelihood that contaminants 
will accumulate, increasing the risk of disease and other adverse effects (Guillette et al. 
1994).  Environmental contaminants are known to affect lymphocyte proliferation 
specifically (Zimmerman, Vogel, and Bowden 2010). 
 
Alligator immunology  
 The immune system protects against infection by microorganisms.  Crocodilian 
immune systems are similar to those of higher vertebrates in that the lymphoid tissues 
include the thymus, spleen, gut associated lymphoid tissue (GALT) and bone marrow 
(Kvell et al. 2007). The thymus is where T-cell maturation occurs.  The spleen removes 
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old red blood cells and is the site of antibody synthesis.  GALT traps and concentrates 
antigens, allowing for interaction with lymphocytes.  Bone marrow is the site of 
hematopoiesis and B-cell maturation (Keller et al. 2005). Crocodilians and other reptiles 
do not have lymph nodes, germinal centers or Peyer’s patches, as these structures are 
only found in warm blooded vertebrates (Flajnik 2018).   
 Reptiles demonstrate species-specific, seasonal variation in lymphoid tissues, 
analogous to that of hibernating mammals.  The thymus and white pulp of the spleen 
become less developed during the winter in reptiles and species-specific differences can 
be seen in structures during the summer (Zimmerman, Vogel, and Bowden 2010).  As the 
thymus begins to redevelop in the spring, T-cell populations are reestablished, making T-
cell proliferation strongly dependent on seasonal cycles (Kruman 1992).  
 The reptilian immune system is comprised of both innate and adaptive immunity, 
as seen in all gnathostomes (Dzik 2010).  While the innate immune system can be traced 
back to more primitive organisms, such as invertebrates, the adaptive immune system is 
only found in vertebrates (Song, Sarrias, and Lambris 2000).  The innate immune system 
acts as the first line of defense with a non-specific response, in attempt to prevent the 
spread of infection.  Following the innate response, the adaptive response is activated.  
The type of adaptive response, cell mediated or humoral, depends on both the type of 
innate response and the pathogen (Zimmerman, Vogel, and Bowden 2010).  
 
Reptilian innate immunity  
 The reptilian innate immune system includes physical barriers, antimicrobial 
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peptides (AMPs), enzymes, proteins (including complement) and non-specific leukocytes 
(Finger 2012, Zimmerman, Vogel, and Bowden 2010).  Physical barriers include skin and 
gut mucosa, which act to keep microorganisms out (Finger 2012).  Antimicrobial 
peptides (AMPs) are similar in structure and function to beta defensins found in 
mammals.  Lysozymes, also found in mammals, are antimicrobial enzymes that 
hydrolyze the membrane of both Gram-positive and Gram-negative bacteria, resulting in 
osmotic lysis.  Other antimicrobial enzymes found in crocodilians include phospholipase 
A2 (PLA2) and dipeptidyl peptidase IV (DPP2, also known as CD26); both have been 
confirmed in A. mississippiensis.  PLA2 functions to destroy bacteria by increasing the 
permeability of the cellular membrane (G Buckland and C Wilton 2000).  The specific 
function of DPP2/CD26 has not been determined in reptiles (Finger 2012).  In mammals, 
DPP2/CD26 plays an important role in numerous parts of humoral immunity, including 
role in cellular development, migration and cytokine production (Yan et al. 2003).  
 The complement system plays a large role in regulating the adaptive immune 
response through at least three different pathways: classical (CP), alternative (AP) and 
lectin (LP) (Trouw and Daha 2011).  It is comprised of around 30 proteins that either 
directly lyse or opsonize bacteria in the plasma.  Microbial opsonization results in 
increased phagocytic efficiency by coating bacteria with proteins, allowing macrophages 
to identify and phagocytose the foreign bacteria (Zimmerman, Vogel, and Bowden 2010).  
The complement system is more diverse and well developed in poikilothermic species 
than in higher vertebrates, yet it is not well characterized (Sunyer, Zarkadis, and Lambris 
1998, Zarkadis, Mastellos, and Lambris 2001, Merchant et al. 2005).  Studies have found 
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that serum complement from A.mississippiensis is effective against different strains of 
Gram-positive bacteria, three Naegleria species and four Acanthamoeba species 
(Merchant et al. 2003, Merchant et al. 2004).   
 Acute phase proteins (APP) are important in innate immunity of all animals 
(Cray, Zaias, and Altman 2009).  They are produced by hepatocytes as part of the acute 
phase response (APR).  APR is activated in response to many attacks on the body, 
including infection, trauma, stress and inflammation, in attempts to prevent further 
infection, initiate inflammation and reestablish homeostasis. C-reactive protein (CRP) is 
an important APP in all vertebrates (Lee et al. 2017).  CRP is produced by hepatocytes 
and is made up of five monomers, each 25 kDa.  Although the structure is evolutionarily 
conserved, there are species dependent variations in the function of CRP and ligand 
binding specificity. In humans, CRP is involved in many parts of the APR; the most 
important function seems to be in defense against bacterial infection and clearance of 
necrotic and apoptotic cells (Volanakis 2001). It is also used as a marker for many health 
complications including infection, trauma and autoimmune diseases (Pepys and 
Hirschfield 2003).  
 The leukocytes of the crocodilian innate immune system include heterophils, 
basophils, eosinophils and monocytes.  Heterophils are the first cells at the site of 
infection (Jacobson 2007).  They suppress invasion of microbes and are involved in the 
inflammatory response, serving the same function as neutrophils in mammals (Montali 
1988).  These cells account for over 50% of peripheral leukocytes in A.mississippiensis 
and can be found in damaged tissue within hours (Mateo, Roberts, and Enright 1984b, a). 
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This percentage may vary as a result of other factors, such as seasonal differences, age or 
infection (Glassman, Bennett, and Hazen 1981, Mateo, Roberts, and Enright 1984b). 
Basophils comprise ~12% and eosinophils make up ~10% of circulating leukocytes in 
crocodilians (Mateo, Roberts, and Enright 1984b).  Basophils are involved in allergic 
reactions (Sullivan and Locksley 2009).  They have antigen-specific immunoglobulins on 
the surface and release histamines when triggered by an antigen.  The amount of 
histamine released is dependent on the concentration of the antigen and the temperature 
(Zimmerman, Vogel, and Bowden 2010).  The function of eosinophils is most likely 
similar to the function in mammals: producing free radicals and peroxide in response to 
parasites (Coico and Sunshine 2015).  In A.mississippiensis, eosinophils have been 
detected in response to infection by leeches (Glassman, Holbrook, and Bennett 1979).  
Lastly, monocytes make up ~1% (1.5+SD 0.3) of peripheral leukocytes in 
A.mississippiensis (Mateo, Roberts, and Enright 1984b).  In mammals, monocytes can 
further differentiate into macrophages and myeloid dendritic cells (DCs) (Owen 2013).  
All of these phagocytic cells release cytokines and serve an important function as antigen 
presenting cells (APCs).  APCs process then present antigens to T cells, serving as a link 
between the innate and adaptive immune responses (Coico and Sunshine 2015, Finger 
2012).   
 
Reptilian adaptive immunity 
 As previously mentioned, the adaptive immune response depends on the innate 
response. The initial, primary adaptive response ultimately results in clearance of the 
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pathogens and formation of an immunological memory.  Memory cells are important in 
the secondary response that occurs in the case of re-exposure to the same pathogen 
(Owen et al., p 17).  The two parts of the adaptive immune system are cell mediated 
immunity and humoral immunity.   
 
Reptilian adaptive immunity: cell-mediated  
  Reptiles are known to have functional T cells, the lymphocytes involved in cell-
mediated immunity (Burnham et al., 2005).  T cells are divided into two major types: 
cytotoxic T cells (TC) and T helper cells (TH) (Owen et al., p 40).  Cytotoxic-like T cells 
have been identified in reptiles; they function to kill infected host cells and abnormal 
cells (Pitchappan & Muthukkaruppan, 1977; Coico et al., 2003).  Studies have suggested 
the presence of regulator TH cells in reptiles, however the exact function is unknown 
(Pitchappan & Muthukkaruppan, 1977).  In mammals, TH cells secrete cytokines which 
recruit B cells (Owen et al., p 40).  Reptiles do not have germinal centers and lymph 
nodes, which provide a location for TH immune cell interactions, so these cells may have 
a different function than seen in mammals (Zimmerman et al., 2009).  Variation in the 
strength of cell-mediated responses are seen between the sexes; females typically have a 
stronger response (Ahmed et al., 1985).  
 
Reptilian adaptive immunity: humoral  
 B cells, another type of lymphocyte, are responsible for antibody production 
(Zimmerman, Vogel, and Bowden 2010).  B cells are able to recognize antigens in their 
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natural state.  When an antigen binds to a B cell, highly specific antibodies, with antigen 
binding sites identical to the ones on the surface of the B cell, are secreted (Owen 2013).  
The general antibody structure is the same in all jawed vertebrates, consisting of two 
identical heavy chains joined to two identical light chains by a disulfide bond.  The heavy 
chain and the light chain both contain a constant region and a variable region.  Antigen 
binding sites are found on the variable regions of both the heavy and light chains and are 
therefore important for protection against different pathogens (Zimmerman, Vogel, and 
Bowden 2010).   The variable region contains different gene segments that undergo 
rearrangement, allowing for tremendous genetic diversity. The variable (V), diversity (D) 
and joining (J) gene segments rearrange to make different variable regions on the heavy 
chain; the V and D gene segments rearrange on the light chain (Owen 2013).  
 Crocodilians produce at least four immunoglobulins (Ig): IgM, IgD, IgY and IgA.  
IgM is found in all jawed vertebrates (Pettinello and Dooley 2014).  Found in high 
concentrations in the blood and spleen, it is the first antibody produced by B cells and 
activates complement (Pettinello and Dooley 2014, Zhang et al. 2017).  IgM, IgA and 
IgD are thought to be involved in mucosal immunity in reptiles, as in mammals (Iwata et 
al. 2002, Pettinello and Dooley 2014). IgY is the main antibody of secondary defense and 
is believed to be the precursor to IgG and IgE found in mammals (Flajnik 2018).  IgY is 
produced in larger quantities than IgM and is the main defense against infection (Warr, 
Magor, and Higgins 1995).  
 There are two isoforms found in crocodilians (and some other reptiles): IgY and a 
truncated form, IgY(∆Fc) (Figure 2) (Zhang et al. 2017).  Both forms have two light 
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chain domains, with a molecular weight of 23.1kDa.  IgY heavy chains have one variable 
region and four constant regions, with a total molecular weight of 63kDa.  IgY(∆Fc) has 
one variable region and two constant regions, with a total molecular weight of 33.8kDa.  
The total molecular weight of IgY is 180kDa and IgY(∆Fc) is 120kDa.  The two isoforms 
do not always serve the same function and not all organisms that have IgY have 
IgY(∆Fc) (Warr, Magor, and Higgins 1995).  IgY(∆Fc) lacks the receptor binding sites; 
evidence suggests it is able to induce pathogen neutralization without inflammation (Li et 
al. 2012).  
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Figure 2. The structure of the two isoforms of IgY.  IgY(∆Fc) is a truncated form, with 
only two constant regions on the heavy chain, versus the four constant regions on the IgY 
heavy chain. Image taken from Warr, Magor, and Higgins 1995.  
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Potential role as sentinel species and amplifier host 
 The American alligator serves as a sentinel for habitat quality, specifically related 
to environmental pollution in areas affected by anthropogenic activities (Tipton et al. 
2017).   Previous studies have confirmed that certain crocodilian responses directly relate 
to environmental conditions (Mazzotti et al. 2009, Rice and Mazzotti 2004).  Alligator 
indicators rely on relative density determined by encounter rate, body condition and rate 
of occupancy in alligator holes (Mazzotti et al. 2009).  
 Alligators have not been examined for their role in environmental pathogen 
distribution or as a sentinel for the presence of various pathogens.  They inhabit 
environments known to harbor opportunistic pathogenic bacteria, yet even serious 
injuries, including deep wounds and missing limbs, heal without signs of infections 
(Merchant et al. 2003).  Studies have found that crocodilians are able to live with 
microbial infections with no physiological effects (Madsen 1993, Madsen et al. 1998, 
Manolis et al. 1991).  
 There is also evidence that the American alligator may serve as an amplifying 
host for West Nile Virus (WNV) (Jacobson et al. 2005).  This is significant because there 
have been multiple confirmed WNV outbreaks in farmed crocodilians worldwide 
(Steinman et al. 2003, Debra et al. 2003, Jacobson et al. 2005).  Most mammals serve as 
dead end hosts, meaning the virus in the blood will not reach high enough levels to be 
picked back up by other mosquitos (CDC, n.d.). However, samples from infected 
alligators have had viremic levels above the infectious threshold for Culex pipiens and C. 
quinquefasciatus mosquitoes; Culex mosquitos being the main disease vector (Jacobson 
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et al. 2005, Turell, O'Guinn, and Oliver 2000, Sardelis et al. 2001).  Further studies are 
necessary to fully understand the American alligator’s role in the spread of both bacterial 
and viral diseases.   
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Chapter II: Humoral immune responses in the American alligator samples near 
NASA, Florida 
Introduction 
 Although the American alligator is the most studied of the extant crocodilians, the 
reptilian immune system is not well understood (Brisbin 1986).  Alligators have not been 
examined for their role in environmental pathogen distribution, or as a sentinel for the 
presence of various pathogens.  They inhabit environments known to harbor opportunistic 
pathogenic bacteria, yet they are often times able to heal serious injuries, including deep 
wounds and missing limbs, without signs of infections (Merchant et al. 2003).  Studies 
have found that crocodilians living in their natural environment are able to live with 
microbial infections with no physiological effects (Madsen 1993, Madsen et al. 1998, 
Manolis et al. 1991) 
 This study investigates humoral immune responses in the Alligator 
mississippiensis as an environmental monitor for emerging infectious diseases. The intent 
is to correlate immune responses to various pathogens with the health of the environment 
and establish a baseline of antibody titers against pathogens.  This baseline will be used 
to compare with responses in alligators throughout their distribution.  This information 
will allow A.mississippiensis to be used as a sentinel, for not only the overall health of the 
environment, but also as a sentinel for the presence of various pathogens.  
Lysozymes are antimicrobial enzymes that hydrolyze the membrane of both 
Gram-positive and Gram-negative bacteria, resulting in osmotic lysis (G Buckland and C 
Wilton 2000).  Lysozyme activity can be measured through an enzymatic assay of 
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lysozyme activity.  In this assay, Micrococcus lysodeikticus is added to the serum 
samples.  The lysozymes in the serum will lyse the bacterial cells, resulting in decreased 
absorbance.  The higher the lysozyme activity, the faster the absorbance will decrease. 
C-reactive protein (CRP) is an important APP in all vertebrates (Lee et al. 2017).  It is an 
ancient acute phase protein, participating in complement activation and opsonisation of 
pathogens, and is usually indicative of relative levels of systemic inflammation.  CRP 
levels can be semi-quantified using an ELISA based approach.  Both lysozymes and 
CRPs play an important role in immune response to bacteria.  This study provides 
baseline data that can be used to compare with levels in alligators throughout their 
distribution.  
 IgY is the main immunoglobulin involved in defense against infection (Warr, 
Magor, and Higgins 1995) in birds and reptiles. There are two isoforms found in 
crocodilians (and some other reptiles) and birds: IgY and a truncated form, IgY(∆Fc) 
(Figure 2) (Zhang et al. 2017).  Both forms have two light chain domains, with a 
molecular weight of 23.1kDa.  IgY heavy chains have one variable region and four 
constant regions, with a total molecular weight of 63kDa.  IgY(∆Fc) has one variable 
region and two constant regions, with a total molecular weight of 33.8kDa.  The total 
molecular weight of IgY is 180kDa and IgY(∆Fc) is 120kDa.  The two isoforms do not 
always serve the same function and not all organisms that have IgY, have IgY(∆Fc) 
(Warr, Magor, and Higgins 1995). ELISAs can be used to quantify the level of 
circulating antibodies in serum against pathogens.  If the alligator has come into contact 
with any of the pathogens that are immunogenic, there will be memory immune cells 
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against the pathogen from the adaptive immune response.  Serum samples from 110 
alligators collected throughout Florida, were screened for bacteria-specific antibodies to 
select, ubiquitous, aquatic bacteria. It is important to look at serum titer levels for 
potential correlation between location, gender, and size/age. 
The nine bacteria used in this study were Vibrio cholera, V. vulnificus, V. 
parahaemolyticus, V. anguillarum, Escherichia coli, Brevundimonas vesicularis, 
Mycobacterium marinum, Erysipelothrix rhusiopathiae and Streptococcus agalactiae. 
These bacteria were selected because they are abundant in aquatic environments and are 
known human pathogens.  V.cholera is the most infectious of the vibrio species.  
V.cholera and V.parahaemolyticus attach copepods; one copepod can carry an infectious 
dose V.cholera (Percival and Williams 2014, Huq et al. 1983).  V.parahaemolyticus is 
found in temperate coastal waters.  It is the leading cause of foodborne illnesses and is 
associated with raw shellfish and contaminated seafood consumption (Joseph, Colwell, 
and Kaper 1982). V.anguillarum causes vibrosis in organisms inhabiting aquatic 
environments (Frans et al. 2011).  E.coli are a diverse group of bacteria that can be found 
in aquatic environments; only some strains are pathogenic.  Both E.coli and 
V.parahaemolyticus have been isolated from A.mississippiensis (Russell and Herman 
1970, Brown et al. 2001). B. vesicularis causes infection in immunocompromised 
humans and is multi drug resistant (Shang et al. 2012).  
 M.marinum is able to infect all poikilothermic species and has been isolated from 
crocodilians (Clark and Shepard 1963, Huchzermeyer and Van Wyk 2003).  Many 
reptiles are extremely susceptible to M.marinum infection, which often times become 
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systemic.  Studies have found that the rate of infection is temperature dependent (Clark 
and Shepard 1963).  In humans, M.marinum causes a skin infection called “fish tank 
granuloma”  (Bouricha et al. 2014).  E. rhusiopathiae can be a commensal or pathogenic 
organism found in humans, domestic and wild animals (Wang, Chang, and Riley 2010).   
It is possibly an environmental pathogen of concern near slaughterhouses and processing 
plants on the water. S.agalactiae causes septicemia in a variety of aquatic organisms, 
including crocodilians (Amborski et al. 1983, Bishop et al. 2007, Evans, Klesius, and 
Shoemaker 2006, A. Plumb et al. 1974).  
 
The objectives of this study were as follows: 
1. Quantify lysozyme enzymatic activity in individual samples 
2. Purify IgY from pooled alligator serum 
3. Generate mouse polyclonal antisera against IgY 
4. Western blot analysis to determine if whole serum recognized pathogen 
antigens 
5. Use enzyme linked immunosorbent assay (ELISA) to quantify the level of 
circulating antibodies in serum against pathogens and relative titers 
6. Purify CRP and generate mouse monoclonal antibody against CRP 
7. Use ELISA based approach to semi-quantify circulating CRP in individual 
samples 
 
Humoral immune responses to various pathogens, along with CRP and lysozyme 
activity can be correlated with the health of the environment.  This study provides the 
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first baseline data and a proof of concept, to then compare responses throughout their 
distribution.  This information will allow A. mississippiensis to be used as a sentinel in 
future studies. 
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Materials and Methods 
Alligators serum samples 
 Blood samples were collected from 142 American alligators from sites in South 
Carolina, including Yawkey Island.  These samples were sent from Dr. Thomas 
Rainwater and used for IgY purification.  Blood samples were collected from 110 
American alligators from sites near NASA, including Cape Canaveral and Merritt Island 
National Wildlife Refuge in Florida.  These samples were sent from Dr. John Bowden at 
University of Florida.  The samples used in this study were collected from various month 
between 2009 and 2011 and include 74 males and 36 females. 
 
Serum lysozyme activity  
 Modified, previously published methods were used to determine serum lysozyme 
activity (Parry 1965, Burton et al. 2002). Micrococcus lysodeikticus solutions were 
prepared immediately prior to use, using 50 mg of lyophilized cells and 100 mL of 0.1M 
phosphate buffer (pH 5.9).  Next, 25 μL of each plasma sample was added in 
quadruplicates to a 96-well plate and 175 μL of Micrococcus lysodeikticus was added to 
each sample.  Absorbance was measured at 450nm immediately and after a 5 minute 
incubation at room temperature. The change in absorbance was quantified by subtracting 
the absorbance at 5 minutes from the immediate absorbance.  It was previously 
determined that 1 unit of activity is a change in optical density (OD) of 0.001 per minute 
(Parry 1965).  
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Purification of IgY  
 Previous studies have indicated that IgY can be purified using the Protein-G from 
streptococcal bacteria, which work by binding immunoglobulins (Work et al. 2015, 
Rodgers, Toline, and Rice 2018).  One Protein-G columns (Thermo-Fisher) were used to 
purify the alligator serum in this study.  The columns were equilibrated by running 10mL 
of 0.10M tris (pH 8.0) through, followed by 10mL of 0.01M tris (pH 8.0).  Serum 
samples from each of the 12 individual alligators were compiled into one 15 mL tube 
(1000 μL from each individual) followed by the addition of 1.2 ml of of 1 M tris (pH 
8.0).  The sample was centrifuged for 10 minutes at 1,000 x g then passed twice through 
the Protein G column.  The column was washed with 20 mL of 0.10 M tris (pH 8.0), then 
20 mL of 0.01 M tris (pH 8.0).  Lastly, 0.05 M glycine (pH 2.5) was used to elute IgY 
into seven separate microfuge tubes containing 100 μL aliquots of 1.0 M tris (pH 8).  
 
Generation of polyclonal antisera against immunoglobulin Y   
 Purified IgY was used to immunize six-week old female Balb/c mice, housed at 
the Godley-Snell Animal Facility at Clemson University.  All protocols used are in 
accordance to Institutional Animal Care and Use Committee (IACUC) regulations.  On 
day 1, mice were administered a sub-cutaneous (s.c.) injection of 100 ug purified IgY in 
0.9% saline containing TiterMax Gold adjuvant. Two weeks later, on day 14, the mice 
received a second s.c. injection of 50 μg of purified IgY with Freud’s incomplete 
adjuvant (FIA).  Boosters of 50 μg of purified IgY were given at 21 day intervals - on 
days 35, in saline via s.c. immunizations, on day 56 intraperitoneally.  Five days after the 
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last immunization, slow lethal CO2 asphyxiation and bilaterial pneumothorax were used 
to sacrifice the mice.  After being sacrificed, the mice were bled to collect blood, which 
was stored overnight at 4°C to allow time for clotting.  The sample was then centrifuged 
for 20 minutes at 10,000 x g, the serum was collected to be used as the crude polyclonal 
antisera source.  The specificity of the mouse antiserum against IgY was determined by 
western blotting.  Procedures previously described in other studies in our lab (Rodgers, 
Toline, and Rice 2018). 
 
Growth and preparation of bacteria  
 Samples of Vibrio cholera, Escherichia coli, V. anguillarum, V. vulnificus, V. 
parahaemolyticus, and Mycobacterium marinum, were acquired from the American Type 
Culture Collection and grown according to recommended protocols. Streptococcus 
agalactiae cultures were obtained from John Hawke (Louisiana State University) and 
were also grown as directed.  20 μL of each of the nine bacteria were inoculated into 5 
mL of their specific growth medium.  V.cholera and V.parahaemolyticus were inoculated 
in nutrient broth with 3% NaCl, E.coli in Luria broth, V.angullarum in marine broth, 
M.marinum in Middlebrook broth, and S.agalactiae into tryptic soy broth. The bacteria 
were grown in separate 25 mL tubes at 37oC then centrifuged at 2,500 x g for 15 minutes.  
The supernatant was poured off and 25 mL of 0.01 M PBS was added to the pellets, to 
allow for re-suspension.  The samples were centrifuged again at 2,500 x g for 15 minutes, 
then washed again by resuspension with 25 mL of 0.01 M PBS and centrifuged under the 
same conditions.  Cell pellets were re-suspended in 5mL of PBS a final time.  Thirty μL 
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of 5× Laemmli sample buffer with 2-mercaptoethanol was added to 120 μL of each 
bacterial suspension, then boiled for 8 min.  This was done to create reducing conditions 
and generate bacterial lysates. 
 
Serum Y reactivity with bacterial antigens 
 Twenty μL of each lysate were subjected to western blot analysis.  A 4-20% Mini-
PROTEAN® TGX Stain-FreeTM Protein Gel (BioRad) was used for the SDS-PAGE.  
First, 13 μL of Precision Plus ProteinTM KaleidoscopeTM Prestained Protein Standards 
molecular weight marker (BioRad) was added to well 1.  Next, 20 μL of the lysate 
samples were added to wells 2-10 in the following order: V.cholerae, E.coli, 
V.anguillarum, V.vulnificus, V.parahaemolyticus, M.marinum, and S.agalactiae.  The gel 
was run at 200V for approximately 40 minutes.  The proteins on the gel were transferred 
to a Immun-Blot® PVDF membrane at 100V for 1 hour.  The blots were blocked for 16 
hours with 10% fetal calf serum in 0.01M PBS at 4°C.  Next, 50 μL of serum from the 
pooled serum resource, was put in a 50 mL tube and diluted 1:500, in 25 mL of PBS.  
The blot was incubated for 1 hour at room temperature with the diluted alligator serum 
then washed three times for 5 minutes with PBS-TW20.  Mouse polyclonal IgY antisera 
was diluted 1:1000.  The blots incubated in this solution for 1 hour at room temperature 
followed by three, 5 minutes washes with PBS-TW20.  The final incubation was with 
goat anti-mouse IgG- AP (1:1,000 in PBS; Thermo-Fisher), following the same 
incubation and wash procedure as the previous two steps.  The blot was developed with 
BCIP and NBT in AP buffer, allowing the AP activity to be visualized and recorded. 
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Development of enzyme linked immunosorbent assays (ELISA) to quantify relative 
pathogen specific immunoglobulin Y titers in individual alligators 
 The seven aquatic bacteria mentioned previously were grown under the specific 
conditions explained above.  The supernatant was removed from each tube and 25 mL of 
0.01 M PBS was added to re-suspend the pellet, this was repeated a second time.  Once 
the bacteria were re-suspended, the samples were diluted with PBS to optimal ODs that 
had been previously established for 15 mL of total bacterial suspension. The optimal ODs 
were: 0.200 for V.cholerae, E.coli, V.anguillarum, V.vulnificus, S.agalactiae, 0.1000 for 
V.parahaemolyticus, and 0.050 for M.marinum.  
 High bonding 96-well plates (Medi0sorb, ThermoFisher) were coated with 75 μL 
of 1 mg/mL solution of poly-D-lysine in distilled water, for 16 hours at 4 oC, then washed 
with PBS-TW20.  The optimized bacterial suspensions were then added to the plates; 50 
μL of one bacterium was added to every well of three plates.  This was repeated for all 
nine bacteria, resulting in 27 coated plates, each coated with a single species. The plates 
were centrifuged at 2,000 x g for 5 minutes, 50 μL of 0.5% glutaraldehyde was carefully 
added to each well, then spun down again under the same settings.  The plates incubated 
at room temperature for 15 minutes then carefully washed (submerged) in PBS two times.  
Next, 100 μL of 10 % BSA blocking buffer was added to each of the wells, followed by a 
two hour incubation at room temperature.  Each plate was washed three more times with 
PBS-TW20.  The plates were left out to dry for two hours then stored in plastic wrap at 
room temperature for 36 hours.  
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 Serum suspensions were prepared using a 100-fold dilution of serum from each 
individual alligator into PBS in individual 1.5 mL microfuge tubes.  A reference sample 
for calculating relative titers was made from a composite sample, comprised of 50 μL of 
serum from 6 randomly selected individuals in 2.7 mL of PBS.  The composite serum 
was added in duplicate to each plate, as a reference for variation from plate-to-plate.  
Diluted serums were added to the wells, 75 μL in duplicate.  The plates incubated for 16 
hours at 4 oC, then washed three times with PBS-TW20.   
 Mouse polyclonal anti-alligator IgY was added to the wells in 75 μL volumes and 
incubated overnight at 4 degrees C.  The plates were then washed three times with PBS-
TW20, then 75 μL of goat anti-mouse IgG-AP (1:1,000) was added to the respective 
wells and incubated for 2 hours at room temperature.  The plates were washed again, four 
times, with PBS-TW20.  Lastly, 75 μL of 1mg/mL of p-nitrophenol (Fisher) in AP buffer 
was pipetted into the wells and left to develop for 30 minutes. The plates were read at 405 
nm and the data for each plate was recorded.  
 
Generation of monoclonal antibody against CRP   
 To isolate CRP, plasma samples from several alligators were pooled and 
centrifuged at 1000 rpm at 4 oC for 10 min. The supernatant was centrifuged again at 
12,000g at 4 oC for 15 min. Following the methods described by Robey et al., and 
modified by Karsten and Rice, the supernatant was brought to room temperature and 
passed though an AH-Sepharose 4B-PC column (equilibrated in a 0.15 M NaCl, 0.05 M 
Tris, pH 7.4, 0.05 M CaCl2 buffer solution) (Robey, Tanaka, and Liu 1983, Karsten and 
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Rice 2004). Alligator CRP and serum amyloid-P component (SAP) were eluted from the 
column using a 0.15 M NaCl, 0.05 M Tris, 0.1 M EDTA, pH 7.4, buffer solution. To 
separate alligator CRP from SAP, the eluent was dialyzed against the 0.15 M NaCl, 0.05 
M Tris, pH 7.4, CaCl2 buffer solution and applied to a Sepharose CL-4B column 
(equilibrated in a 0.15 M NaCl, 0.05 M Tris, pH 7.4, 0.05 M CaCl2 buffer solution). CRP 
was collected and subjected to SDS–PAGE and subsequent Coomassie blue staining to 
check for purity.  Coomassie blue staining of the gel showed a band corresponding to 
alligator CRP (at 25 kDa) in the CRP purified sample. Balb/c mice were immunized with 
the putative CRP sample over a 51-day period and bled for polyclonal anti-sera, as well 
as to collect spleens for subsequent steps in fusion steps for making mAbs.  Fusion of 
splenic plasma cells with Sp02-14 myelomas, screening, cloning, purification and 
isotyping of the antibodies was done according to methods described elsewhere 
(Margiotta, Bain, and Rice 2017, Rice and Weeks 1989).  Western plot analysis 
confirmed that the mouse anti-alligator mAb recognizes and is specific to putative CRP.  
 
Semi quantification of circulating CRP levels using ELISA based approach 
 Methods previously developed in the lab (a quantitative capture ELISA) were 
used to quantify the circulating CRP in alligator serum (Karsten and Rice 2004).  This 
involved the use of purified CRP and mouse anti-alligator mAb.  
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Statistical analysis  
 Lysozyme enzymatic activity, antibody titers against bacteria and CRP data were 
analyzed using Analysis of Variance (ANOVA), followed by Bonferroni post hoc, 
multiple comparison test using GraphPad7.   
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Results 
 An increase in lysozyme activity was seen during summer months.  There were 
significant differences (P<0.05, P<0.01, P<0.001) in serum lysozyme activity between 
samples collected in in March / April, May, June, July, August and September of 2010 
(Figure 3).   
 The Protein G purification technique was successful in producing pure 
A.mississippiensis IgY (Figure 4).  Clear bands are present at approximately 63 kDa, 
33.8 kDa and 23 kDa.  The band at 63 kDa corresponds to the heavy chain of IgY, 7S 
IgY, and the band at 33.8 kDa corresponds to 5.7S IgY, the heavy chain of IgY(∆Fc).  
The band near 25 kDa corresponds to the light chain of both isoforms of IgY, which is 
23.1 kDa.  No other strong bands appear on the gel.  This indicates that IgY was 
successfully purified.    
 Using pooled serum samples as the probe and the pAb anti-IgY for detection 
source of antibodies, distinct bands were seen for E.coli, V.vulnificus, 
V.parahaemolyticus, and S.agalactiae (Figure 5).  Minor bands of proteins were 
recognized in other bacterial lysates as well.  This indicates that there are circulating 
antibodies against the bacteria in the American alligators used in this study.  
 Statistical analysis of the serum titer levels against seven bacteria indicate 
significant differences between titer levels collected during different months.  There was 
a statistically significant difference (P <0.001) in the quantity of titers against E.coli in 
the summer months compared to the winter and spring (Figure 6).  Titer levels against 
E.coli are increased in the summer and decrease in the winter.  M.marinum titers 
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decreased in serum samples from August and September 2010. Significant differences 
(P<0.05, P<0.001) were seen between samples collected in July 2010, August 2010, 
September 2010, the Sum of 2009 and the rest of the samples collected earlier in 2010 
(Figure 7).  S.agalactae titers were highest in January 2010.  There was a significant 
decrease (p<0.01) in titer levels against this bacteria in months sampled between 
February 2010 and August 2010 when compared to titer levels in January 2010 (Figure 
8).  There were no significant differences in titer levels against V. vulnificus and V. 
anguillarium between sampling months (Figure 9, Figure 10). V.parahaemoliticus titers 
also increased during summer months.  There is a significant difference (P<0.001) 
between titers in samples collected in March / April 2010, May 2010, June 2010, July 
2010 and the rest of the sampling months (Figure 11).  V.cholera titers were significantly 
different (P<0.001) in June 2010, July 2010 and August 2010 compared to the rest of the 
months sampled (Figure 12).  
 Analysis of Enzyme linked immunosorbent assay (ELISA) for relative putative 
CRP levels for the American alligator indicates a significant increase (P<0.05) in samples 
collected in June 2010 compared to those collected in March / April 2010 (Figure 13).   
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Figure 3.  Comparison of American alligator average lysozyme activity between various 
months of serum collection.  Statistical differences were seen in March / April, May, 
June, July, and August of 2010.  *Indicates statistical significance of <0.05; ** indicates 
statistical significance of p<0.01; ***indicates statistical significance of <0.001.  
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Figure 4. SDS-PAGE gel with purified IgY from the American alligator.  Lane 1 shows 
the molecular weight marker (Kaleidoscope, BioRad), lane 2 is the sample.  Clear bands 
are seen around 63 kDa, 33.8 kDa and 23 kDa; 63 kDa corresponds to the IgY heavy 
chain, 7S IgY.  The band around 33.8 kDa corresponds to the heavy chain of IgY(∆Fc), 
5.7S IgY.  The band near 25 kDa corresponds to the light chain of both isoforms of IgY, 
which is 23 kDa.  
         MW         IgY   
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Figure 5. Western blot analysis showing A.mississippiensis whole serum (diluted 1:500) 
activity against bacteria lysates using pAB anti-IgY. Lane 1 contains the molecular 
weight marker (Kaleidoscope, BioRad).  Lanes 2-9 contain the bacterial lysates in the 
following order: V.cholerae, E.choli, V.anguillarum, V.vulnificus, V.parahaemolyticus, 
M.marinum, E.rhusiopathiae, S.agalactiae, B.vesicularis.  
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Figure 6.  Enzyme linked immunosorbent assay (ELISA) results against E.coli.  
Statistical analysis indicates significant differences (p<0.001) between samples collected 
in June 2010, July 2010, August 2010 and September 2010.  
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Figure 7.  Enzyme linked immunosorbent assay (ELISA) results against M.marinum. 
There is a significant difference between samples collected in July, August, September 
from 2010 and the sum of 2009.  *Indicates statistical significance of <0.05; ***indicates 
statistical significance of <0.001. 
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Figure 8.  Enzyme linked immunosorbent assay (ELISA) results against S.agalactae. 
Statistical analysis indicates significant differences between serum titers against bacteria 
collected in January, March / April, May, June, July and August 2010. *Indicates 
statistical significance of <0.05; ** indicates statistical significance of <0.01. 
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Figure 9. Enzyme linked immunosorbent assay (ELISA) results against V.vulnificus. No 
significant differences were seen between months of collection.  
  
V . v u ln if ic u s  t ite rs
M o n th /Y e a r  S a m p lin g
R
e
la
ti
v
e
 T
it
e
r
 x
 1
0
2
J
a
n
 2
0
1
0
F
e
b
 2
0
1
0
M
a
r  
A
p
r  
2
0
1
0
M
a
y
 2
0
1
0
J
u
n
e
 2
0
1
0
J
u
ly
 2
0
1
0
A
u
g
 2
0
1
0
S
e
p
t 
2
0
1
0
S
u
m
 2
0
0
9
0
1
2
3
4
5
 37
 
 
Figure 10. Enzyme linked immunosorbent assay (ELISA) results against V.anguillarium. 
No significant differences were seen between months of collection.  
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Figure 11.  Enzyme linked immunosorbent assay (ELISA) results against 
V.parahaemoliticus. Statistical analysis indicates there are significant differences 
(p<0.001) between samples collected in March / April, May, June, and July of 2010.  
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Figure 12. Enzyme linked immunosorbent assay (ELISA) results against V.cholerae. 
Statistical analysis indicates there are significant differences (p<0.001) between samples 
collected in June, July, and August of 2010.  
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Figure 13.  Enzyme linked immunosorbent assay (ELISA) showing relative CRP levels 
for the American alligator.  Statistical analysis indicates significant differences (p< 0.05) 
between samples collected in March / April, and May of 2010. 
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Discussion 
 This study provides the first baseline data for serum parameters in the American 
alligator. Lysozyme activity and CRP levels increase in alligators during summer months.  
Seasonal variation is also seen between serum titers against the seven select pathogens 
during the sampling months. Lysozyme activity, CRP levels and circulating serum titers 
levels against bacteria can be used to compare responses in alligators throughout their 
distribution.  This information will allow A.mississippiensis to be used as a sentinel for 
various pathogens in future studies. 
 Comparison of American alligator average lysozyme activity between various 
months of serum collection indicated that there are seasonal differences.  There was a 
significant difference between lysozyme activity in summer months compared to the rest 
of the year.  During summer months, water temperatures increases with the increase in air 
temperature, often resulting in increased pathogen loads in the environment.  It is 
possible that the increase in lysozyme activity is in response to the increase in bacteria in 
their environment, as an increase in lysozyme activity is associated with increased ability 
to lyse bacteria.  Lysozymes play an important role in the innate response to bacteria, as 
they are able to hydrolyze the membrane of both Gram-positive and Gram-negative 
bacteria, resulting in osmotic lysis.  
 The results of this study also show that it is possible to purify IgY from alligator 
serum through a Protein G purification process.  Our lab has previously purified IgY 
from sea turtle serum with protein A/G columns (Rodgers, Toline, and Rice 2018).  The 
purity of the IgY was confirmed; the sample contained the heavy chain, and light chain of 
 42
both IgY and IgY(∆Fc).  The Protein G purification technique is simple and inexpensive 
compared to previous methods used to purify IgY, which involved purifying IgY from 
eggs instead of from serum.  The ability to be able to purify IgY from alligator serum is 
important because it can be used to generate both polyclonal antisera and monoclonal 
antibodies against these different parts of alligator IgY.    
 The alligator anti-IgY pAb was used as the probe in a western blot analysis of 
alligator serum response to bacteria. The results indicate that the alligators produced 
circulating antibodies against the seven different bacteria. This indicates that the 
individuals were exposed to the bacteria at high enough levels to elicit an immune 
response, at some point in their lifetime. The range of banding seen on the blot indicates 
that the polyclonal antisera can successfully be used for detection.   
 Significant differences were observed in the serum titers against the bacteria 
between sampling months, as indicated in the data from the ELISAs used to quantify the 
levels.  There was an increase in the quantity of serum titers in the spring and the summer 
and a decrease in the winter in E.coli, V.parahaemoliticus and V.cholera.  S.agalactae 
titers were highest in January 2010; the titers remained relatively consistent in the other 
months sampled.  M.marinum titers decreased in serum samples from August and 
September 2010. There were no significant differences in titer levels against V. vulnificus 
and V. anguillarium from month to month. These results indicate that there are changes in 
titers against various bacteria depending on the sampling month.  This study serves as a 
proof of concept, showing that that it is possible to successfully quantify circulating 
antibodies in alligator serum using the reagents made in this lab. 
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 The ability to generate monoclonal antibodies against alligator CRP and 
polyclonal antisera against alligator IgY allows for immunological analyses, such as 
Western blotting and ELISAs, to be performed on alligator serum samples.  The 
production of a mAb against CRP allows for an unlimited supply of antibodies that can 
continue to be used in these immunological assays because the hybridoma will continue 
to produce the mAbs indefinitely. This will allow for further studies to be done on 
alligators in other laboratories.   
 Analysis of circulating CRP levels (using an ELISA) showed an increase during 
summer months. There were significant differences between CRP levels in samples 
collected in March / April 2010, May 2010 and June 2010.  CRP is important in the acute 
phase response, participating in complement activation and opsonisation of pathogens, 
and is usually indicative of relative levels of systemic inflammation.  Increased levels of 
CRP during warmer months is likely in response to increased pathogen loads in the 
warmer waters.   
 The observed seasonal differences in immune responses are likely a result of 
temperature changes.  Previous studies have found that immune function in reptiles is 
directly related to environmental temperature (Lance 2003, Lang and Andrews 1994). 
When exposed to extreme temperatures, reptiles undergo a physiological stress response.  
Studies have found that immunoglobulin production decreases in response to cold 
weather (Zapata, Varas, and Torroba 1992).  Water temperature has an effect on 
haematological values in other crocodilians, further demonstrating how temperature can 
play a role in immunosuppression (Turton et al. 1997).  Phagocytic activity of 
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macrophages and the amount of histamine released by basophils can also be affected by 
temperature (Mondal and Rai 2001, Zimmerman, Vogel, and Bowden 2010). 
 These findings serve as a proof of concept that the generated reagents are 
functional and the immunological assays can be used to determine CRP, lysozyme and 
circulating serum titer levels against bacteria using serum samples.  The results provide 
the first baseline data for serum parameters in the American alligator.  This study is 
important because it adds to our understanding of the reptilian immune system, by 
showing that there are seasonal changes in CRP, lysozyme and serum titers to various 
bacteria in the A.mississippiensis.  This study should be continued with a larger sample 
size, including samples from various geographic locations and size / age groups.  Once a 
larger sample size is obtained, analysis of immune responses between location, time of 
year collected, sex and size of organism (using snout vent length) should be further 
investigated.  This will provide enough data to determine set baseline parameters for 
comparison throughout the alligator’s distribution in the United States.  This information 
will allow for better understanding of the reptilian immune system, which is essential in 
understanding the evolution of vertebrate immune system function.  
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